One common problem in using the traditional DNA cloning 
INTRODUCTION
The traditional DNA cloning technique is based on linking two segments of DNA, an insert and a vector (plasmid), by DNA ligase (12) and the subsequent introduction of the ligated DNA into Escherichia coli (2) . Another foundation of this technique was laid by the discovery of restriction endonucleases, which facilitate preparation of desired DNA segments (10) . Some restriction enzymes also aid the ligation process by creating cohesive ends on DNA fragments. When two different cohesive ends are used, the orientation of the insert in relation to the vector can be controlled. The broad application of this technique some 26 years since its inception demonstrates its power and endurance. One common problem in using the traditional cloning procedure is that suitable restriction sites are not always available for a given task. This is encountered more often during joining of protein-coding sequence. In such a task, one must find restriction sites that flank the sequence of interest and possess cohesive ends compatible with the sites in the vector or another coding sequence into which it inserts; and above all, one must ensure the continuity of the reading frames after ligation. In practice, natural restriction sites that satisfy such requirements are difficult to find, and the current prevailing technique to overcome this is to create new sites by using oligonucleotides (linker/adapters) or PCR, a step that itself requires one or more rounds of cloning.
Furthermore, the choice of the new restriction site may be limited because many sites are present within the cloning vector or in the sequence to be cloned. Therefore, in such a situation, the application of the traditional method is often complicated and time consuming. A major progress in the cloning technology since the inception of the restriction enzyme/ligase technique is the invention of the PCR. This technique provides a convenient method of preparing DNA fragments for cloning. This invention has led to a number of new techniques for DNA cloning, for example, TA, Exo III cloning, which are independent of restriction enzymes but still rely on DNA ligase (1, 5) . TOPO™ cloning eliminates the dependence on restriction enzyme and ligase, but relies on the presence of the cleavage sequence of vaccinia DNA topoisomerase. Another in vivo method for plasmid construction has been developed in recent years (7, 8) . It takes advantage of the pathway that repairs double-stranded break in Saccharomyces cerevisiaeto achieve precision joining of DNA fragments. This method also can be independent of natural restriction sites or in vitro ligation, but requires synthesis of linkers (60-140 bp) from component oligonucleotides and transfer of recombinant DNA from yeast to E. coli (9) .
Here, I describe a simple in vitro technique of linking DNA fragments by creating "customized cohesive ends", therefore, bypassing the need of restriction sites and ligase for DNA cloning. Amplified DNA was purified on a DEAE Sephacel ™ (Amersham Pharmacia Biotech) column (packing volume 0.4 mL). DNA was loaded onto the column in a solution of 0.3 M NaCl in TE buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA) and eluted in 0.4 ml of 1 M NaCl in TE buffer. All residual eluant in the column was pushed out by a syringe. DNA was precipitated with 1 mL of ethanol without carrier tRNA.
MATERIALS AND METHODS
The time courses of λexonuclease digestion at various temperatures were prepared by dissolving 2.5 µ g of Pvu IIdigested pRSET-B plasmid in 14 µ L λ exonuclease buffer (67 mM glycineNaOH, pH 9.4, 2.5 mM MgCl 2 ). The mixture was cooled to the indicated temperature in a thermal controller, and 38 U of λexonuclease in 6 µ L were mixed in quickly. At 30 s, 1, 2, 3, 4, 5, 6 and 7 min after enzyme addition, 2 µ L of sample were removed and mixed with 8 µ L of ice-cold S1 buffer (0.3 M potassium acetate, pH 4.6, 2.5 M NaCl, 10 mM ZnSO 4 , 50% glycerol and 2.5 U of S1 nuclease) to stop the exonuclease digestion. After all points were taken, the tubes containing the S1 buffer were remove from the ice and placed at room temperature to start the S1 nuclease digestion, which lasted for 30 min and was stopped by the addition of 1 µ L of 0.3 M Tris-base and 0.05 M EDTA. The entire contents of each tube were analyzed on a 1% agarose gel.
The junctions of the joined DNA were checked by the standard dideoxy sequencing method using a T7 Sequenase 2.0 sequencing kit (Amersham Pharmacia Biotech).
Cloning Procedure
This method relies on overlapping sequences at the two junctions of the vector and insert for guiding the precision joining of the two DNA fragments. These overlapping sequences are designed into the PCR primers used to generate the insert or the vector ( Figure  1A ). A limited λ exonuclease digestion of the vector and the insert creates short single-strand 3 ′overhangs slightly longer than the overlapping sequences. These overhangs are allowed to hybridize and hence the linking of the two fragments to form a circular molecule ( Figure 1B) . The single-strand gaps, due to the fact that the overhangs are longer than the complementary sequence, can be repaired by a Klenow Fragment (3 ′→5 ′ exo -) enzyme, which elongates the hybridized 3 ′ overhangs to stabilize the junction without strand displacement ( Figure 1C ). The repaired circular molecule, with 4 nicks left by the polymerase, is now ready to be introduced into E. coli ( Figure 1D ).
The feasibility of this procedure was demonstrated by the joining of a DNA fragment containing the coding sequence for the serine stripe of basonuclin (11), in frame, to the C terminus of the histidine tag of the pRSET-B plasmid (Invitrogen, Carlsbad, CA, USA). No convenient restriction sites are available flanking the serine stripe for insertion into the multiple cloning site of the pRSET-B. The pRSET-B sequence of 2.9 kb was prepared by PCR with primers VB5 and VB3 (Figure 2A) . The insert fragment of 210 bp was prepared with primers SSpvu5 and SSpvu3 (Figure 2A) , each containing a 10 bp overlapping sequence with VB3 and VB5, respectively (Figure 2A) . λ exonuclease is a highly processive 5 ′→3 ′ exonuclease that prefers a substrate of blunt-end DNA with 5 ′ phosphate (6). Because of this preference, the primers used in this method must be phosphorylated, and only thermostable DNA polymerases that produce blunt-end (e.g., Pfuand Vent) should be used. After purification by a mini-DEAE column (0.4 mL), 200-300 ng each of vector and insert were mixed and digested in a 20 µ L solution containing 67 mM glycineNaOH (pH 9.4), 2.5 mM MgCl 2 and 32 U of λ exonuclease at 10°C for 20 s in a thermal controller. The digestion was stopped by transferring it to 0.2 mL of 0.3 M sodium-acetate (pH 5.3) at 0°C overlaying an equal volume of phenolchloroform-amyl alcohol. After the mixture was vortex mixed, and the aqueous phase was transferred to a fresh tube, the DNA was precipitated with ethanol. The vector and insert DNA, now possessing 3 ′ overhangs of approximately 15-20 bases, were resuspended in 5 µ L of 100 mM NaCl, 20 mM Tris-HCl, pH 7.9, 10 mM MgCl 2 and 1 mM dithiothreitol (DTT) (2 ×T4 DNA polymerase buffer). To anneal the overhangs, the tube was submerged in one liter of 55°C water, which was allowed to cool at room temperature to 30°C. A 5 µ L solution of 5 U Klenow Fragment (3 ′→5 ′ exo -) and 250 µ M each of the four dNTPs were added to the vector/insert mixture, which was then incubated at room temperature for 30 min. The repaired DNA was diluted with 10 µ L TE, and 5 µ L (1/4 total) of the DNA was used to transform E. coli strain DH5 α(subcloning efficiency).
RESULTS AND DISCUSSION
Using the above procedure, between 100 and 200 recombinants and a 1:20 background (vector alone) to recombinant ratio were usually obtained. Four colonies from the recombinant group were picked and sequenced, and the rest of the colonies were pooled. A Bgl II-digestion of the pooled DNA showed that a majority of clones contained an insert of 200 bp. Sequencing of the four randomly picked clones confirmed that all 8 junctions were formed as planned (Figure 3 ).
Critical Parameters
One of the decisions that has to be made at the beginning of this procedure is how many bases of overlap should be included in the PCR primers. Using the system described above, I tested the minimal overlap that is required. The overlap in primer SSpvu5 was system-
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Numbers of Recombinants Primers a (average of two experiments)
5 ′ -agatctgcag gaacaagtcgaatgggc-3 ′ 111
Control-1 (vector only) 6
Control-2 (vector with an incompatible insert) 5 a overlaps are underlined. atically reduced from 10 to 7, 5 and finally 3 bases, while the SSpvu3 remained the same (Table 1) . Examination of the fidelity of joining by sequencing showed that even with a 3-base overhang, precision joining was achieved. Conservatively, a 5-base overhang should give enough recombinants.
The most critical step in this procedure is the digestion by λ exonuclease. For creating short overhangs (20-25 bases) with a uniform length, the digestion time must be very short, because the synchrony of digestion breaks down quickly (Figure 4, A and B) . The digestion can be stopped instantaneously by a combination of low temperature ( Figure  4C ) and suboptimal pH (6) (e.g., by icecold 0.3 M sodium-acetate, pH 5.3). Based on the time course shown in Figure 4 , at 10°C between 50 and 100 bases were removed from each end in the first minute. When DNA is in excess, due to the high processivity of the enzyme and the short digestion time, the amount of overhang produced, which relates to the number of recombinants one would obtain later, is proportional to the amount of exonuclease used. Exonuclease III, a 3 ′→5 ′ exonuclease, can also be used to generate 5 ′ overhangs (4). But hybrids formed by 5 ′ overhangs will not be stabilized by the repair process. Therefore, to achieve transformation efficiency similar to that of 3 ′ overhangs, longer overlapping sequence must be designed into the PCR primers (unpublished observation).
The annealing step in 55°C water helps to increase hybrid formation and thus more recombinants. However, this step is not essential for cloning. Klenow Fragment (3 ′→5 ′exo -) enzyme (3) probably is the best for repairing the single-strand gaps after hybridization of the overhangs, although T4 DNA polymerase worked also. Klenow Fragment (3 ′→5 ′ exo -) consistently produced about 10% more recombinants presumably because it did not damage the free 3 ′ overhangs, thus allowing more hybrids to form, whereas T4 DNA polymerase, due to its 3 ′→5 ′ exonuclease activity, might.
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Advantages
Independence from restriction enzymes. By creating customized cohesive ends, this method allows precision joining of two linear DNA fragments to form a recombinant circular molecule. Because both DNA fragments can be prepared by PCR, which is not constrained by restriction sites, this method allows insertion of one sequence into the other at almost any location. It thus provides greater flexibility in gene restructuring while saving time usually spent on creating restriction sites.
Simplicity. This method simplifies the planning of a DNA cloning or gene restructure strategy because it reduces the consideration to just the PCR primer design. In this procedure, there is no need to consider problems associated with usage of restriction enzymes, for example, the availability and uniqueness of a restriction site in sequences to be joined, the selection and construction of new restriction sites for a particular task, etc. Furthermore, because DNA ligase is not used, background ligation is absent and measures to reduce such background, for example, vector dephosphorylation, become unnecessary.
Because both vector and insert can be produced by PCR, the gel purification step to remove circular molecules (in the case of a vector) or unwanted fragments (in the case of an insert) is also eliminated.
Higher efficiency. Unlike a restriction enzyme cut, the overhang sequence in this procedure can be designed to avoid symmetry and hence self-complementarity. This reduces head-tohead and/or tail-to-tail joining and vector recircularization and thus enhances recombinant frequency.
Versatility.This method can take advantage of an available restriction site. An example is to clone a PCR fragment directly into a vector. In this case, the vector can be prepared by digestion with a restriction enzyme that creates a blunt end, and the PCR primers contain sequences overlapping with the flanking region of the restriction site.
Automation. Because the only variable in this procedure is designing PCR primers and the remaining steps are identical for virtually any DNA fragment, this method is suitable for automation.
The limitations of this method include that it can be used only with DNA fragments with known sequences or at least that of their ends. The blunt end required by λexonuclease also restricts the use of thermostable polymerase to Pfuor Vent. Because at least one fragment must be prepared by PCR, the maximum size of a fragment that can be cloned by this method is dependent on the limit of the PCR procedure. The limit on the shortest fragment is imposed by the extent of λ exonuclease digestion, which should generate a sufficient single-strand region for hybridization yet preserve enough double-strand region to keep the duplex stable. A fragment of 89 bp was cloned successfully by this method, albeit with reduced efficiency. 
